Abstract Ten percent of all organic carbon (C org ) absorbed by the ocean each year is stored in seagrass-bearing sediments. The preservation of these carbon stores is considered a vital method to mitigate climate change. Seagrass-bearing sediments have been correlated with sediment geophysical properties yet have not been related to sediment acoustic properties. For this purpose, sediment cores were collected from a Thalassia testudinum seagrass meadow in South Texas, USA, where geophysical, acoustical, and C org properties were measured. It is hypothesized that when deposits of C org adsorb onto mineral surfaces and are stored in pore spaces, compliant layers between grain contacts and the formation of an organic-rich suspension reduce sediment stiffness. Results from this seagrass meadow demonstrated a strong correlation between sediment P wave modulus and C org and show promise toward the development of an in situ ultrasonic sediment probe to more rapidly quantify and monitor seagrass carbon stores.
Introduction
Seagrass meadows form the foundation of many shallow water coastal ecosystems across the globe by providing nursery and foraging grounds (Whitfield, 2017) , sediment stabilization (Ginsburg & Lowenstam, 1958; Scoffin, 1970) , nutrient cycling (McGlathery et al., 2007) , and production and storage of organic carbon (C org ; Duarte et al., 2005) . Seagrasses occupy less than 0.2% of the world's oceans but contribute to 10% of oceanic C org burial Duarte et al. (2005) , with about twice the average C org storage per hectare (ha) as terrestrial soils (Fourqurean et al., 2012) . Seagrasses are among the world's most valuable organic carbon ecosystems estimated at $1.9 trillion annually but are rapidly disappearing due to destructive fishing practices, boat propellers, coastal engineering, nutrient and sediment pollution, and climate change (Waycott et al., 2009) . Carbon storage in the top meter of seagrass-bearing sediments is equivalent to an estimated 520 Mg eq/ha of CO 2 (Pendleton et al., 2012) . When seagrasses are degraded, lost, or converted to other land uses, their large carbon stores are exposed and ultimately released into the atmosphere as CO 2 . Hence, protecting these carbon stores is recognized as an important step toward mitigating anthropogenic greenhouse gas emissions (Mcleod et al., 2011; Pendleton et al., 2012) .
Uncertainties in the estimates of carbon sequestered within seagrass meadows hinder the development of monitoring, recording, and verification frameworks for organic carbon climate mitigation projects. The most recent comprehensive compilation of data, from 946 distinct sites across the world, presented two ranges of estimates for C org stock of global seagrasses: 4.2 to 8.4 or 9.8 to 19.8 Pg C, depending on the methodology used for sediment C org estimation (Fourqurean et al., 2012) . So for each methodology, there is an uncertainty of a factor of 2 in these estimates. One major reason for this uncertainty is that the total area of global seagrass coverage is poorly known (Chmura et al., 2014) . Another reason for the uncertainty is that seagrass carbon pools are generally estimated from point-based sediment core sampling spatially extrapolated statistically across seagrass meadows (Howard et al., 2014) . Core sampling of underwater seagrass-bearing sediments is a difficult, labor-intensive, and time-consuming process. Subsequent laboratory processing of the sediment samples and the elemental analysis of C org are also time consuming and expensive. These hurdles limit the number of seagrass sediment cores taken from this ecosystem and thus contribute to the continuation of uncertainties in the estimates of C org in global seagrass meadows (Mcleod et al., 2011) .
Studies have demonstrated the potential for in situ measurements of various soil characteristics, such as water content, salinity, temperature, and nutrient status, using the dielectric, magnetic, and acoustic Expanded region shows the locations of the four seagrass cores (yellow pins) and one bare patch core (red pin). Sediment composition (b) and C org (c) depth profiles for the seagrass cores (shaded regions) and for the bare patch core (lines). Shaded regions represent a standard deviation about the mean, depth averaged in 5-cm bins. Since only one bare sediment core was collected, no spread was reported.
properties of soil (Brutsaert & Luthin, 1964; Doolittle & Brevik, 2014; Flammer et al., 2001; Topp et al., 1980) . But to date, there is no published study on estimating soil carbon using the transmission of acoustic or electromagnetic energy through the soil media. The only reliable methods of estimating soil carbon are laboratory-based methods of combustion or elemental analysis.
Recent outcomes have demonstrated that there is a well-correlated relationship between the C org stored in seagrass-bearing sediment and various sediment properties such as density, grain size, and porosity (Dahl et al., 2016; Rohr et al., 2016; Serrano et al., 2016) . These findings are consistent with the literature that have shown how fine-grain mineral particles, such as silt and clay, bind to organic material to form complex, porous, low-density sediment fabrics (Bennett et al., 1991) and protect the trapped organic matter (OM) within small pore spaces from microbial decomposition. These same bulk sediment properties have been shown to measurably affect how sound propagates through marine sediment (Jackson & Richardson, 1991; Marion et al., 1992) , but these effects have been mainly attributed to the inorganic mineral constituents that make up marine sediment. How OM affects sediment acoustic properties remains less studied requiring further investigation.
The development of a portable, nondestructive, and reliable acoustic method for estimating soil carbon would be a significant step toward easily assessing sediment C org in situ and thus decreasing the uncertainties in the estimates of C org in global seagrass meadows. The objective of this study is to first explore the relationship between C org and sediment acoustic properties using established methods. To this end, sediment cores from a field experiment in a shallow coastal seagrass meadow were studied. The transmission characteristics of ultrasonic waves were measured along with other bulk sediment properties and compared with C org .
Materials and Methods
A field experiment was conducted in the Lower Laguna Madre, located on the southern Gulf of Mexico coast of Texas, USA, between the mainland and the barrier South Padre Island (Figure 1a) . The Lower Laguna Madre is one of five hypersaline coastal ecosystems in the world (Javor, 1989) and contains no river inlets. The experimental site consisted of a Thalassia testudinum seagrass meadow, had an average water depth of 1 m, and had a tidal range of 0.35 m. The seagrass meadow covers roughly 65% of the lagoon and accounts for 75% of seagrass cover along the Texas coast (Onuf, 2007) . Four seagrass-bearing sediment cores and one bare-patch sediment core (free from seagrass cover) were extracted from the experimental site by driving 7.85-cm-diameter, 0.2-cm-wall-thickness polyvinyl chloride tubes into the bay floor via manual percussion. Figure 1a marks the locations from where the seagrass and bare patch cores were extracted. Once inserted into the sediment, each core was capped at the top and removed slowly with a hand-cranked winch. The bottom of the core was capped underwater to avoid air entrapment in the sample. Cores were stored vertically on the boat under shade until they were transferred to the shore-based laboratory for analysis.
Acoustical Analysis
Cores were maintained vertical in the laboratory at 24
• C and were scanned with a Core And Resonance Logger (CARL; Venegas et al., 2017) within 24 hr of extraction. For this study, CARL measured sound speed and attenuation across the diameter of the core in 2-cm vertical increments downward from the water-sediment interface.
To measure the sound speed in each core, 20-μs-long tone bursts were generated at 300 kHz. The signal was amplified and transduced from the projector into a compressional wave that traveled radially through the sample to the opposite side of the core, where it was measured by the receiver. Transducers were acoustically coupled to the core walls using oil-filled core logger transducers with a resonance at 250 kHz. The received signal was conditioned, acquired, and averaged on an oscilloscope. The received tone bursts were digitally filtered 10% above and below the center frequency of the tone burst. A reference core filled with degassed fresh water of known sound speed c w (Coppens, 1981) was used to calibrate the measurement system. The time difference Δt was found by locating the time delay associated with the peak of the cross-correlation function between the received signals through the reference and sample cores. The sound speed in the sediment core was calculated using
where d i is the inner diameter of the core liner (Jackson & Richardson, 1991) .
For this work, only sound speeds measured at 300 kHz are reported. At lower frequencies near or below the acoustic resonance of the gas volumes encapsulated in the plant tissue or free bubbles in the sediment itself due to anaerobic decomposition (DOE, 2008; Howard et al., 2014) , sound speed is more sensitive to bubble size and volume fraction of gas than the C org of the sediment (Dogan et al., 2017; Lee et al., 2017) . Also, when the sediment particle size is on the order of or larger than the acoustic wavelength, known as the region of multiple scattering, there is large attenuation of acoustic waves and a dramatic drop in sound speed (Argo et al., 2011; Kimura, 2011; Yang & Seong, 2018) independent of the C org sequestered in the sediment. The ratio of mean grain diameter to acoustic wavelength remained within 0.002-0.034 for this study. Encapsulated bubbles with resonances higher than 300 kHz or coarser sediment fragments could result in unaccounted experimental uncertainty. This uncertainty, however, was identified by a bimodal cross correlation between the received signal through the reference material and through the sample. In these cases, special care was taken to insure the data analysis algorithm picked the peak corresponding with the earlier direct arrival through the sediment phase, rather than the slower scattered arrival.
Sediment Properties
After the acoustic measurements were completed, the cores were vertically preserved in a freezer and sliced in the same increments scanned by CARL. By freezing the cores, samples confined within the polyvinyl chloride core liner could be sliced cleanly without significantly altering the sediment structure. The water-sediment interface was marked before freezing to account for any potential expansion, and only a negligible amount of expansion was observed. The dimensions and weight of each sediment slice were recorded to calculate the frozen bulk density as the frozen weight divided by the volume it occupied. The slices were placed in an oven at 65 • C for 3-4 days until their dry weight reached an equilibrium value that was recorded and divided by the volume to determine the dry bulk density dry . Porosity was then calculated using
where m frozen and m dry are the frozen and dried mass of the slice, respectively, ice is the density of ice, and V is the volume of the slice. Frozen density values were corrected to the ambient temperature of the laboratory, where the cores were acoustically logged by
where wet is the corrected sediment wet bulk density, and water is the water density at 24 • C. Depending upon the calculated porosity, corrected wet density values were 1-6% greater than the frozen density values.
Since the sound speed of a material is a function of both its density and stiffness, the primary wave (P wave) modulus was reported in order to remove the interdependence sound speed has with density. The P wave modulus (M) is the dynamic (acoustic) and frequency-dependent stiffness sensed by a compressional wave (Mavko et al., 2009 ) and is defined as
where c sed is the sound speed of the sediment. The M can also be expressed in terms of the bulk modulus K and shear modulus G and is
G. However, since the shear wave speed was not measured, it was not possible to isolate K and G, and hence they were combined into the same effective stiffness variable.
Sediment particle-size distribution was determined using a laser-diffraction particle-size analyzer for all particles smaller than 500 μm, and a dry sieving technique was used for larger particles. In preparation for particle size analysis, a 10-g subsample of the dried sediment was wet-sieved through a 500-μm sieve to minimize fine particles adhering to larger particles to help control measurement bias. Both coarse and fine particles were dried in the same manner. Dried coarse particles were vibrated and sorted through a stack of 710-, 1,000-, 2,000-, and 2,800-μm sieves. Dried fine particles were gently homogenized with a mortar and pestle and sprinkled into a dispersant unit, where they were dispersed for 4 min with an ultrasonic in-line sonicator set to maximum power to insure adequate particle dispersion and analyzed (Rẏzak & Bieganowski, 2011) . Cumulative distribution functions from both coarse and fine particles were combined proportionally to their recorded dry mass and used to compute grain size statistics (Folk & Ward, 1957) . Mud content (MC) is defined explicitly as the sum of both clay and silt-sized particles according to the Wentworth Scale (Wentworth, 1922) and was computed from the cumulative distribution functions evaluated at 62.5 μm for every sample slice. Sand content was similarly computed and defined as any particle larger than 62.5 μm and smaller than 2 mm (Wentworth, 1922) . Coarse particles larger than 2 mm mainly consisted of shell hash and carbonate fragments.
Organic Carbon Content
The remaining unsorted dried sample was then homogenized gently with a mortar and pestle and passed through a 63-μm sieve. A 0.5-g subsample from the fines were placed on a ceramic crucible and into a muffle furnace heated to 500
• C for 4 hr. This process volatilized all the C org and other organic materials in the sample. Then 5 mg of the ash containing the inorganic carbon (C inorg ) among other inorganic materials was placed into an elemental analyzer. The C inorg was determined by taking the postmuffled to premuffled weight ratio and multiplying it by the percent carbon content of the ash. The total percent carbon content of the sample was recorded by placing 5 mg of the fines directly into the elemental analyzer. The C org was then calculated by subtracting the C inorg from the total carbon content (Howard et al., 2014) . The C org values are thus estimated from the particles less than 63 μm in size and presented as a percentage of the dry mass of each 2-cm core section.
Results
Significant differences in all measured sediment parameters were observed between the cores taken from an area containing seagrass compared with the core taken from the bare patch. Figures 1b and 1c show sediment composition separated into composition and C org , respectively. Compared to the bare sediment, the seagrass-bearing sediment contained more C org , more coarse particles such as plant litter, shell hash, and carbonate fragments, along with greater MC. These constituents resulted in sediment with higher porosity, lower density, and lower stiffness. In the seagrass cores near the water-sediment interface, MC as much as 70% and C org values as high as 6% were found, whereas 45 cm below the water-sediment interface, 20% MC was reported with C org values as low as 0.5% by dry mass. In this study, organic carbon content acquired from both seagrass and bare patches were consistent with literature values from the same site to within the 90% confidence intervals reported in Figure 22 in Greene (2017) .
The relationship between M and wet was used to identify two regimes plotted in Figure 2a . Sediment with lower M and wet values followed a line of constant sound speed (isovelocity) equal to that of the seawater, until M surpassed a threshold of 4.2 GPa (stiffness dominated). This threshold was used to distinguish between the isovelocity regime and the stiffness-dominated regime. The depth at which this threshold occurred varied between 10 and 20 cm into the sediment. For the remainder of the paper, sediment property comparisons will be performed within these respective regimes.
Pearson correlation coefficients (r values) were determined and tabulated for the following sediment properties: MC, C org , dry , , and M (Table 1) . Since MC, dry , and have been shown to be good predictors of C org (Dahl et al., 2016) , they were chosen as candidate parameters to compare with M of the sediment.
Two r values were found between each parameter. The top values within each cell correspond with data in the isovelocity regime, while the bottom values correspond with data in the stiffness-dominated regime. Off-diagonal elements contain a number of asterisks pertaining to a p value range defined as the probability of attaining at least the corresponding r value under the null hypothesis.
In the stiffness-dominated regime, all sediment parameters, particularly M, correlated well to C org with p values less than 0.001. Porosity and MC were positively correlated with C org , while dry and M were negatively correlated with C org . In this regime, M correlated well with all sediment properties except MC. In the isovelocity regime, there was an overall higher correlation of C org to all sediment properties with the exception of MC, and like in the stiffness-dominated regime, C org correlated best with M. The highest r values reported in the isovelocity regime, however, were observed when comparing M and dry with . The only sediment properties that correlated well with MC was C org in the stiffness-dominated regime. Though all correlations with MC in the isovelocity regime were statistically significant, corresponding p values were consistently greater than 0.001.
A line of best fit was plotted showing the trend of M as a function of C org for each regime (Figure 2b ). Empirical regressions were performed only on the seagrass-bearing sediment cores (denoted by dots), although data points from the bare patch sediment core are also shown in the figure as crosses. Equations for empirical regressions displayed in Figure 2b are
and M = −0.343C org + 4.603 (6) for the stiffness-dominated and isovelocity regimes, respectively, where M has units of gigapascals. The regimes identified in Figure 2b are similarly separated into two unique linear regimes when comparing M with C org . The transition between the two regimes occurred at a C org value of roughly 1.8% and was also identified by a 0.5-GPa reduction in M. This reduction in acoustic stiffness coincided with a 10% increase in shown in Figure 2c . There was a distinct positive, linear relationship between MC and C org in the stiffness-dominated regime that spanned the entire range of MC measured in this data set (Figure 2d) . A gray dashed line is depicted to separate the stiffness-dominated and isovelocity regimes. When transitioning into the isovelocity regime, the data became scattered spanning a similar range of MC seen in the stiffness-dominated regime.
To demonstrate the effect C org has on sediment properties, three seagrass-bearing sediment samples with comparable MC, undersaturated (u), saturated (s), and oversaturated (o) with C org , are identified in Figures 2a-2d and depicted in Figure 2c . Although the mineral contents of the three samples were comparable, the sediment behaved significantly differently. Transitioning from the undersaturated to saturated states, a 23% reduction in M and an 11% reduction in wet was observed, while increased 16%. When transitioning from the saturated to oversaturated states, a 33% reduction in M and a 22% reduction in wet was observed, while increased by 24%.
Discussion
The purpose of this work is to better understand the relationship between independent variables that constitute the sediment, such as MC and C org , and dependent variables, such as M, dry , and . The r values from Table 1 show an expected interdependence among dependent variables, since the minerals are denser and stiffer than water or the OM. For example, to first order, the more porous the sediment, the fewer minerals are contained within a unit volume, and the less dense and less stiff the sediment becomes. However, it is the sediment constituents that ultimately control . Although M correlates well with dry and , M is also ultimately controlled by the sediment constituents. Based on the results of this study, observations reported in the sedimentology literature, and established models for sound propagation in granular media, two separate physical mechanisms are postulated to explain the dependence between M and C org in the stiffness-dominated and isovelocity regimes, respectively.
Within the stiffness-dominated regime, as C org increases, small deposits of OM begin to absorb onto mineral surfaces ( Figure 2c [u] ; Mayer, 1999; Mayer et al., 1993; 2004) , which create compliant layers between the otherwise stiffer frame composed of grain-to-grain contacts, thereby reducing M. Ransom et al. (1997) observed patches of OM adsorbed onto mineral surfaces with transmission electron microscopy (TEM), though how this phenomenon affects bulk sediment properties was not addressed by his work. Sound propagation in consolidated granular sediments have been successfully modeled as slip-stick processes between neighboring grain micro-asperities separated by very thin interstitial seawater (Buckingham, 2000) . The contact area referred to in this framework is precisely where organic matter is most protected from decomposition (Mayer et al., 2004) and can therefore affect bulk wave propagation.
Once a threshold is reached where mineral surfaces and pores spaces become saturated with OM ( Figure 2c [s]), the grain-to-grain slip-stick processes that contribute to the overall sediment stiffness begin to diminish, as the grains begin to separate. This transition is represented in Figure 2b by a 0.5-GPa reduction in stiffness and in Figure 2c by a 10% increase in porosity. This saturation point is posed to be equivalent to the C org "refractory background level" (Berner, 1982; Henrichs & Reeburgh, 1987) and related to the mineral surface area (Mayer, 1994) . Many experimental sites included in Mayer (1994) showed values of C org consistent with that of the transition region of this study. Mayer et al. (1993) claims that adsorption of C org onto mineral surfaces is the dominant mechanism that drives long-term C org sequestration in marine sediment. However, due to the presence of the aboveground and belowground biomass to help stabilize the sediment, seagrass-bearing sediments can sequester above the refractory background level.
Once the majority of the grains are separated by interstitial OM, a low-density organic-rich suspension of minerals is formed, described by the isovelocity regime and depicted in Figure 2c (o). The suspension of minerals by C org has been observed in natural fine-grained sediments with TEM (Furukawa et al., 2009) . In this regime, the behavior is described by the well-understood suspension theory, where both density and stiffness of the suspension are controlled by the volume fraction of the substrate and the minerals using a mixture law, described in Urick (1947) . In the case of seagrass-bearing sediment, the substrate consists of a water-saturated lignin-rich organic slurry originating mostly from digested plant litter (Peduzzi & Herndl, 1991) . In the isovelocity regime, the fibrous C org slurry prevents the minerals from settling and maintains the sediment in a highly porous state. As C org increases, the volume fraction of the slurry also increases, causing M and wet to decrease. Suspension theory and the r values from Table 1 both suggest that, in the isovelocity regime, , which is dependent on C org , controls both M and dry . More controlled studies are required to test this hypothesis and address if or where these two regimes exist across different sediment types or different seagrass species. However, this phase change represented by the organic-rich isovelocity regime found within the top 20 cm of sediment appears to be less dependent upon sediment type ( Figure 2d ) and could potentially be applied to isovelocity regimes located in different seagrass meadows.
The MC of sediment has been shown to increase , which in turn can decrease M and wet (Jackson & Richardson, 1991; Marion et al., 1992) and could be another factor attributing to the decrease in M, independent of C org . Although a negative trend between M and MC was observed (Table 1) , Pearson correlation coefficients suggest that within the T. testudinum seagrass meadow studied, it was the organic material that played the dominated role in controlling M and dry in both regimes. The presence of fine-grained minerals, however, is closely related to C org content (Anderson, 1988; Oades, 1988; Tiessen et al., 1984) due to the increase in mineral surface area (Mayer, 1994) . In fact, Curry et al. (2007) directly observed two mechanisms that preserve OM from digestion in fine-grained sediments using TEM: OM adsorption onto mineral surfaces and encapsulation within small pores of the sediment microfabric that were inaccessible to enzymes used in the study. These observations in the microscale are consistent with data reported within the stiffness-dominated regime, shown in Figure 2d , where the relationship between MC and C org closely resembles the surface area to C org relationship reported in Figure 2 in Mayer (1994) . However, once the saturation point is surpassed in the isovelocity regime, OM is no longer protected from microbial attack by the fine-grained minerals and becomes weakly correlated with MC. that low-density organic particles cannot account for grain size dependence of bulk C org in a continental shelf region. The weak correlation to MC in the isovelocity regime is evidence that much of the C org in the upper carbon-rich layer is low-density OM.
Conclusion
Sediment-sequestered C org ranging from 0.5% to 6% by dry mass of the T. testudinum seagrass meadow in the Lower Laguna Madre correlated best with M compared to other sediment properties such as MC, dry , and . Since the Lower Laguna Madre is predominately composed of fine sand with a high M, the reduction in stiffness observed when the seagrass meadow incorporates its organic-rich sludge in the sediment provided a measurable contrast that can be detected via acoustical means. Although seagrasses more commonly grow in sandy sediments, seagrasses that grow in silt or clay deposits with MC greater than 70% may provide a less detectable contrast in M with the background sediment due to the presence of C org . However, the background sediments with high MC could still yield high C org due to an inherently larger refractory background level.
While the methods reported here are ex situ, the strong correlation between M and C org demonstrated in this study shows promise toward the development of an acoustic in situ sediment probe that, when inserted into the sediment, could instantaneously measure M, without the need for the collection and postprocessing of sediment samples. An instantaneous method to estimate the depth dependence of seagrass-bearing sediment C org does not exist and has the potential to rapidly sample large areas at finer spatial and depth resolutions. Such a tool could capture finer-scale heterogeneities and facilitate studies on spatiotemporal changes in organic carbon stocks due to environmental and anthropogenic stressors. This method, however, requires the correlation between M and C org to be consistent across different seagrass meadows and sediment types. Although larger-scale studies have already demonstrated that the correlations between MC, dry , and with C org are consistent across multiple European Zostera marina seagrass meadows (Dahl et al., 2016) , more investigation is required to assess the feasibility of applying this method in situ and to different seagrass meadows and sediment types. If the M-C org relationship is not consistent among different sites, a set of calibration measurements would be required to determine a site-specific correlation, which would be used to estimate C org across the entire meadow. In addition, the operating frequency of the sediment probe would need to be higher than the resonances of the gas voids in the belowground biomass to accurately measure M. This frequency is typically higher than the operating frequencies of most commercial sonars. Since sediment attenuation scales with frequency, propagation paths at this frequency must also be short, on the order of those performed with CARL. For these reasons, a physical sediment probe must be inserted into the sediment to overcome the short acoustic penetration depths that would otherwise confound the use of downward looking sonars for this application.
